
IEEE TRANSACTIONS ON MAGNETICS, VOL. 46, NO. 5, MAY 2010 1251

A Novel Octagonal Wound Core for Distribution Transformers
Validated by Electromagnetic Field Analysis and Comparison

With Conventional Wound Core
Iván Hernández���, Juan C. Olivares-Galván�, Pavlos S. Georgilakis�, and José M. Cañedo�

Department of Electrical and Computer Engineering, Power Electric System Polytechnic Institute of NYU,
Brooklyn, NY 11201 USA

Departamento de Sistemas Eléctricos de Potencia, CINVESTAV Unidad Guadalajara, Zapopan, JAL 45015, Mexico
Departamento de Energía, Universidad Autónoma Metropolitana-Azcapotzalco, Ciudad de México, D.F. 02200, Mexico

School of Electrical and Computer Engineering, National Technical University of Athens, GR 15780 Athens, Greece

This paper analyzes a novel configuration of transformer core, called octagonal wound core (OWC), and shows the minimization of
the excitation current and the reduction of the eddy-current losses. The OWC is compared with the conventional wound core (CWC)
configuration. The comparison is based on two-dimensional and three-dimensional finite-element method (FEM) simulations, taking into
account the nonlinear properties of the magnetic material of the core. The results show that the OWC reduces the excitation current and
the eddy-current losses when compared with CWC. Moreover, several combinations of grades of the grain-oriented silicon steel (GOSS)
were investigated so as to further reduce the eddy-current losses and the excitation current.

Index Terms—Eddy currents, electromagnetic field, finite-element methods, laminations, octagonal wound cores, rolling direction,
transformer core, wound core.

I. INTRODUCTION

C ONVENTIONAL WOUND CORE (CWC) emerged with
the necessity of reducing the size and weight of the dis-

tribution transformer, which leads to cost minimization. Other
important advantages of CWC are [1]–[3]:

a) Improved distribution of the magnetic flux density in com-
parison with the stacked core, since the rolling direction is
not cut with air gaps in the corners. Wound cores are made
of continuous strips so the complete path of the rolling
direction is usable and the magnetic flux saturation is re-
duced.

b) Because of the uniformity of the magnetic flux density
along the lamination and the minimization of weight,
the eddy-current losses and excitation current are also
reduced.

c) Improved performance and increased efficiency.
d) A manufacturer who builds large quantities of identical

designs will benefit from the automated processing of
CWC.

In the mid-1990s, engineers at AEM developed an innovative
core design, called octagonal wound core (OWC). The OWC
emerged from CWC with the purpose of reducing cost of man-
ufacturing while preserving all the advantages of the CWC [4].
This paper analyzes this OWC and shows that it helps to reduce
the size and the weight of core, the excitation current, and the
eddy-current losses.
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The manufacturing process of the CWC consists of wounding
the laminations in one circular mandrel, during this process the
laminations are cut and the air gaps are formed. This process
damages the characteristics of the cores and their properties are
restored through a process of annealing at a temperature be-
tween 780–820 C inside of an environment that protects the ma-
terial (nitrogen mixed with hydrogen). Readers are referred to
[5] for more details about annealing process of CWC.

The manufacturing process of the OWC is as follows. Each
lamination is cut according to the required length and then every
lamination is bent at each of the four corners. Then, the most in-
ternal laminations are arranged first and the most external lami-
nations at the end. Only in case that very low no-load loss is re-
quired, the OWC is annealed using the same annealing process
as in the case of CWC [6].

The process of bending every lamination to achieve the
octagonal shape is laborious, but OWC process eliminates the
core pressing process in order to form the core rectangular
window and OWC in some cases eliminates the core annealing
process. The technology of OWC, called Unicore technology
[4], is very flexible, highly accurate, repeatable, and reliable.
Unlike the production of CWC, Unicore does not require any
fixed tools, such as mandrels. Unicore laminations are fully
formed by the Unicore machine. Authors know that more than
120 Unicore machines have been manufactured until 2008 and
Unicores are now being produced or used in many countries.
Besides, according to the knowledge of the authors, the OWC
permits the mixing of laminations of different grade; with
CWC is difficult to mix laminations of different grade (M4
and M5, for example). Authors have visited some transformer
manufacturers in Mexico; these manufacturers usually have
two Unicore machines, and when one of the machines presents
a failure, they continue the manufacturing of cores with the
other Unicore machine.
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Fig. 1. (a) CWC geometry with its design parameters. (b) OWC geometry with
its design parameters. (c) Joint zone in both cores.

The geometry and the design parameters of CWC are shown
in Fig. 1(a), where the window height is , the window width is

, the lamination width is , and the core width is . The OWC
geometry and design parameters are shown in Fig. 1(b), where
the exterior frame height is , the interior frame height is ,
the exterior frame width is , the interior frame width is , the
exterior corner length is , the interior corner length is ,
the core width is , and the lamination width is . Fig. 1(c)
shows the joint zone parameters, i.e., overlap length , air gap
length , lamination thickness , and interlamination space .
Appendix A presents the values of core design parameters used
in this paper and Appendix B presents the calculations of core
weight and core mean length.

Numerical techniques, especially FEM, have been proven
very efficient in solving transformer analysis and design
problems [1], [7]–[12]. This paper validates the OWC by

performing a rigorous electromagnetic comparison between
OWC and CWC, launching with details the magnetic flux
distribution, excitation current, and eddy-current losses. The
numerical results were obtained from two-dimensional and
three-dimensional FEM simulations that have taken into ac-
count the saturation and the magnetic anisotropy of the core.

II. ELECTROMAGNETIC ANALYSIS AND SIMULATIONS

An electromagnetic analysis with FEM was realized with the
goal to determinate the magnetic flux distribution and compute
eddy-current losses in CWC and OWC. The studies were made
using two and three-dimensional simulations, taking into ac-
count the saturation and anisotropy, and several grade of grain
oriented silicon steel (GOSS), i.e., M4 (0.28 mm), M5 (0.30
mm), M6 (0.35 mm), and a super GOSS M5H2 (0.30 mm).

The magnetic flux density distribution and eddy-current
losses were determined by the solution of the vector potential
formulation in the frequency domain [13], [14]:

(1)

where represents a tensor of the permeability of the dif-
ferent GOSS used and is its conductivity. For the magnetic
anisotropy, the permeability in the rolling direction plane
varies in accordance with the saturation curves shown in
Appendix C, while for the perpendicular direction to the rolling
plane a relative permeability three times lower than the rela-
tive permeability of the rolling direction is considered, e.g.,

for the M5 GOSS [18]. The nonlinear
characteristics of the GOSS laminations in the frame of the
time harmonic analysis produce often high computational cost;
the technique adopted to reduce the computational cost was
established in [15], where authors consider an effective –
curve based on the energy equivalence for a time period cycle T.

In case of conductivity, the manufacturer specifies only a
volume resistivity ( ohm-cm at 20 C); therefore this
value was considered to be isotropic.

The distribution of the dissipated power can be calculated
from [16]:

(2)

where represents the number of elements, is a diagonal
tensor of resistivity of the GOSS, is the eddy-current density
vector of the element , and is the volume of the element .
Eddy-current density is given by

(3)

where represents the element shape functions for the vector
potential .

Commercial finite-element software [14] was used to per-
form the simulations shown in this paper. In particular, 2-D
FEM models were used to simulate every lamination on the core
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width. Three-dimensional FEM models were used to verify that
the perpendicular component of the magnetic flux density on the
rolling direction is negligible by simulating only groups of max-
imum 12 laminations due to the computational memory con-
sumed. Moreover, 3-D FEM models were used to validate the
accuracy of the 2-D FEM models. In particular, in the 3-D FEM
model, we used about 423 800 tetrahedral elements producing
approximately 212 466 nodes. It is also important to mention
that for the mesh volume we used the technique of extruding
the meshed area and special care is taken in the laminations el-
ement size to be fine, i.e., the maximum sides size must not ex-
ceed the thickness of laminations, so as to capture the skin depth
and obtain accurate calculation of the losses and excitation cur-
rent. An important parameter in eddy-current calculation is the
skin depth :

(4)

The skin depth considered was function of the total width of
the number of laminations used [17].

The boundary conditions are on tanks walls on which mag-
netic insulation is set.

The excitation current is determined as follows: from the
magnetic flux density value obtained in each lamination we
obtained for each lamination the exciting power (volt-ampere
per kilogram), , using the GOSS manufacturer curves
[18]. The total exciting power was obtained by the sum of
the exciting power of each lamination; therefore the exciting
current percentage is given by

% (5)

where is the exciting power in each lamination, is the
number of laminations, and is the transformer rating
(volt-ampere).

III. RESULTS AND DISCUSSION

A. Distribution of the Magnetic Flux Density

The magnetic flux density in CWC is shown in Fig. 2. For
this simulation we used GOSS M5 (0.30 mm). We excite the
core to reach an average T in the core cross sec-
tion. This value is our reference value that permitted the com-
parison and verification with the eddy losses calculated with the
values specified by the GOSS manufacturer; for example in the
M5 case for T the maximum core loss specified by
the manufacturer is about 1.83 W/kg, but only about 73% of
this value could be considered eddy losses [18]. Fig. 2(a) shows
that the magnetic flux density is smaller and useless in the cor-
ners of the CWC, and from this conclusion, it is possible to trim
the CWC, thereby reducing the cost of manufacturing and im-
proving the transformer efficiency through innovate core design
OWC [4]. Fig. 2(b) shows the magnetic flux lines distribution in
a CWC and Fig. 2(c) illustrates the magnetic flux distribution in
its joint zone, where the magnetic flux distortion is evident. This

Fig. 2. (a) Magnetic flux density distribution in a CWC. (b) Magnetic flux lines
distribution in a CWC. (c) Nonuniform and saturation magnetic flux inside of
Joint Zone.

magnetic flux distribution on the CWC was compared with the
results obtained for the OWC, using the same GOSS (M5), and
the same excitation. Fig. 3(a) shows the magnetic flux density
in an OWC. It is evident that the magnetic flux density increases
with respect to the CWC values [see Figs. 2(a) and 3(a)]. The
same excitation current produces a T in the OWC,
and T in the CWC. This means that an OWC is able
to reach greater magnetic flux density than the CWC using the
same excitation current. Therefore, it is possible to get a reduc-
tion in the excitation current of OWC to obtain the same mag-
netic flux density. This reduction in the excitation current is be-
cause the core length in an OWC is smaller than in the CWC
and this causes a reduction of core reluctance.

However, there is an inconvenience in the OWC with respect
to the CWC: there is a bigger zone in the OWC in the interior
frame corner where the magnetic flux density raises to saturation
values (in this example T). Figs. 2(c) and 3(c) show
that there is no significant difference between the magnetic flux
in the joint zone of both CWC and OWC configurations. We
compared also the magnetic flux density along the lamination.
For this we made a path along the lamination in the middle of
one random lamination. We denoted the rolling direction change
by the consecutive numbers 1 to 4 clearly specified in Figs. 2(b)
and 3(b). The transformer coils are in the opposite leg to the
joint zone.

Figs. 4(a) and (b) show the magnetic flux density component
and , respectively, along the lamination, and Fig. 4(c)

presents the norm of the magnetic flux density. The was also
determined, however, it was found that its magnitude was neg-
ligible in comparison with and components, which is
reasonable since component is perpendicular to the rolling
plane. It can be observed from Figs. 4(a) and (b) that and

components have only a small difference on magnitude for
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Fig. 3. (a) Magnetic flux density distribution in an OWC. (b) Magnetic flux
lines distribution in an OWC. (c) Nonuniform and saturation magnetic flux in-
side of Joint Zone.

CWC and OWC. Moreover, in the OWC the magnetic flux den-
sity presents a square shape, due to its geometry itself. The mag-
netic flux density norm from the three components ( and

) was determined and it is shown in Fig. 4(c); it can be seen
that the magnetic flux is uniform along the lamination except in
its joint zone.

There is a magnetic flux drop in the cross-section area of the
core leg, which means that the internal laminations have greater
magnetic flux density values than the external laminations. This
decrease on the slope in both core configurations was analyzed
and compared. For this, we realized a cut in the opposite leg of
the joint zone, shown in Fig. 5(a). The core is excited to reach a
desired magnetic flux density T in the cross-section
area of the core leg. Fig. 5(b) shows the slopes in both cores
using the same excitation current. It can be noticed that the mag-
netic flux density slope for OWC, , is greater than the CWC
slope, . More specifically, . This greater
slope produces a reduction in the values at the external lami-
nations and consequently a reduction in eddy-current losses for
the OWC.

We simulated and compared the magnetic flux density dis-
tribution and its slopes in both cores for different grades and
thicknesses of GOSS. The obtained results are shown in Fig. 6
for the cases of M4, M5, M6, and M5H2 grades of magnetic
material.

B. Eddy-Current Losses and Excitation Current Comparison
in CWC and OWC

According to Fig. 6, OWC has a greater magnetic flux den-
sity slope for the different grades and thicknesses of GOSS an-
alyzed. Table I shows the relation of the magnetic flux density
slope values with the eddy-current losses (Peddy) and excitation
current (Iexc) in both core configurations. These values were

Fig. 4. (a) Magnetic flux density component � along the lamination, points
1 to 4 indicate change in the rolling direction. (b) Magnetic flux density com-
ponent � . (c) Magnetic flux density norm components along the lamination.

obtained when the cross-section area in the core leg reaches
a magnetic flux density of 1.70 T. Table I also shows that the
eddy-current losses in OWC were decreased by up to 17.68% in
comparison with CWC (for the case of M6 electrical steel).

It can be also seen from Table I that using an OWC it is pos-
sible to simultaneously reduce the eddy-current losses and the
excitation current. Using M5H2 electrical steel, it is possible to
reduce the excitation current by 1.12% when using OWC in-
stead of CWC.

If besides the OWC, a super GOSS is used (M5H2), then the
eddy-current losses will be decreased by about 25% in compar-
ison with M5, as Table I shows. The M4 electrical steel also pro-
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Fig. 5. (a) Cross-section area in which the drop of the magnetic flux density
slope is analyzed. (b) Drop of the magnetic flux density slope on both core con-
figurations.

Fig. 6. Magnetic flux density slopes comparison. (a) M5 electrical steel slope.
(b) M4 electrical steel slope. (c) M6 electrical steel slope. d) M5-H2 electrical
steel slope.

vides important decrease in eddy-current losses compared with
the M5.

TABLE I
COMPARISON OF MAGNETIC FLUX DENSITY SLOPES, EXCITATION CURRENT,

AND EDDY-CURRENT LOSSES IN CWC AND OWC

Fig. 7. Mixing grade electrical steel, high grade steel in the internal laminations
and standard grade in external laminations. (a) CWC, (b) OWC.

Regarding the excitation current, Table I shows that the OWC
decreases the excitation current by up to 1.35%. Use of M6
instead of M5 increases the excitation current by about 11%,
which means that M6 has higher value of volt ampere/kg. On
the other hand, use of M5H2 for core construction decreases
the excitation current by up to 18% for CWC and almost 20%
for OWC. With these results it is evident that the manufacturing
of OWC is favorable to reduce the excitation current and the
eddy-current losses.

C. Mixing of Electrical Steel of Different Grade in the Cores

With the goal to further reduce the excitation current and
the eddy-current losses, we investigated the mixing technique
of grade in the core laminations [6]. The simulation consisted
of combining the high GOSS analyzed in this work, M4 and
M5H2, with the standard grain oriented M5. High-grade steel
was placed in the internal frame laminations where the magnetic
flux density is greater, and the standard grade steel was placed in
the external frame laminations, as Fig. 7 shows. We carried out a
mixing of the electrical steel of different grade ranging from 0%
to 50% of the total lamination in the core. The results are shown
in Tables II and III and in graphical form in Figs. 8 and 9.

Analyzing Tables II and III and Figs. 8 and 9, the following
conclusions are drawn:
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Fig. 8. Excitation current as a function of the percentage of grade steel mixed,
given in Tables II and III. Curves 1 and 2 show the results for an OWC, while
curves 3 and 4 present the results for a CWC. The reference values are the ex-
citation current for M5 electrical steel.

Fig. 9. Eddy-current losses as a function of the percentage of grade steel mixed,
given in Tables II and III. Curves 1 and 2 show the results for an octagonal core,
while curves 3 and 4 present the results for a wound core. The reference values
are the eddy-current losses for M5 electrical steel.

TABLE II
COMPARISON OF EXCITATION CURRENT AND EDDY-CURRENT LOSSES IN CWC

AND OWC FOR MIXING M4 & M5

1) The excitation current is decreased in both cores with the
increase of the percentage mixed of different grades of
GOSS.

2) The mixing technique of different grades of GOSS is more
beneficial for a CWC than for an OWC, in order to reduce
the excitation current (curves 3 and 4 of Fig. 8).

3) The mixing of M4 and M5 in an OWC has a minimum ef-
fect in order to reduce the eddy-currents (curve 1 of Figs. 8
and 9).

4) The eddy-current losses are decreased in both cores with
the increase of the percentage mixed of different grades

TABLE III
COMPARISON OF EXCITATION CURRENT AND EDDY-CURRENT LOSSES IN CWC

AND OWC FOR MIXING M5H2 AND M5

of GOSS, except for the case when the percentage mixed
exceeds the 40%–60% in an OWC.

5) The best mixing to decrease the excitation current is the
relation 50% M5H2–50% M5 in a CWC, which provides
a reduction of about 33%.

6) The best mixing to decrease the eddy-current losses is the
relation 40% M5 H2–60% M5 in an OWC, which provides
a reduction of about 28%.

IV. CONCLUSION

This paper investigates the OWC with the aim to reduce the
excitation current and the eddy-current losses. The analysis and
simulation results introduced in this paper show the advantages
of the OWC in comparison with the CWC in terms of reduced
excitation current and eddy-current losses. Moreover, this paper
investigates the mixing of GOSS of different grades in OWC,
which mixing can be much easier implemented for the OWC
than the CWC technology.

The results show that the OWC decreases the eddy-current
losses by about 16% and the excitation current by 1.3%. It has
been also found that the GOSS mixing technique in the CWC
is more beneficial to decrease eddy-current losses and excita-
tion current than in the OWC. The mixing of high grades of
GOSS in the internal laminations with standard grades of GOSS
reduces considerably the eddy-current losses. The reduction of
eddy-current losses and excitation current depends on the per-
centage of GOSS steel mixed. The research work and the results
presented in this paper are very useful for the design and man-
ufacturing of transformer cores.

APPENDIX A
VALUES OF CORE DESIGN PARAMETERS

Table IV Shows the Values of the 16 Core Design Parameters.

APPENDIX B
CALCULATION OF WEIGHT AND MEAN LENGTH OF WOUND

CORES

The following equations are used to determine the core
weight and the core mean length for the analyzed core con-
figurations. These equations have been verified with computer
aided design (CAD) software as well as with measurements.
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TABLE IV
VALUES OF THE DESIGN PARAMETERS

A. CWC

The surface occupied [in Fig. 7(a)] by the laminations is given
by

(1B)

where the frame height is , the frame width is , the lamination
width is , the core width is , and the stacking factor is .
Consequently, the core volume is given by

(2B)

Using the specific weight density for the GOSS, , the core
weight is computed as follows:

(3B)

The mean core length for a CWC is given by

(4B)

B. OWC

The surface occupied [in Fig. 7(b)] by the core width in an
OWC is given by

(5B)

The core volume is

(6B)

The core weight is

(7B)
The core mean length for an OWC is given by

(8B)

Fig. 10. �–� curves for the GOSS lamination applied.

The following relation holds between the width of the CWC
and the width of the OWC:

(9B)

where is the angle for the OWC construction corner; for this
work we used .

The above formulations of area and volume present about
% error in comparison with calculations based on CAD soft-

ware.
Approximately 6% reduction on the volume of OWC was

found in comparison to the volume of the CWC; this reduction
depends on the manufacturer building factors.

APPENDIX C

Fig. 10 shows – curves for the GOSS lamination applied.
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